I. INTRODUCTION
Displacement mechanism in porous media plays significant role in several industrial and environmental processes, such as secondary and tertiary oil recovery [1] , hydrology [2] , chromatography [2] [3] [4] , aquifers [2] and geodynamics [5] , etc. Recently, over the last one decades and half researchers and scientists face challenges to capture the environmental CO 2 and store them for longer period in order to reduce the amount of carbon released in the air.
This also involves the displacement in porous rock. Looking into the vast area of industrial and real life applications it is very important to study such multiphase flow problems in porous media. In all such displacement processes a convective instability takes place when a less viscous fluid displaces another fluid of higher viscosity. These instability patterns looks like fingers -hence called viscous fingering (VF) instability or the Saffman-Taylor instability [6] (sometimes also called Hill's instability [7] ). Researchers have investigated about the dynamics of these instabilities over several decades for both the immiscible and miscible fluids.
In the case of the former surface tension acts as a stabilization factor, whereas in the miscible fluid dispersion plays an important role in the stabilization of the system. Motivated by the pioneering work of Saffman and Taylor [6] several authors carried out various LSA [8] [9] [10] [11] [12] to capture the onset of instability and also performed nonlinear simulations [13] [14] [15] to analyze the dynamic pattern of the instability. Tan and Homsy [10] presented LSA for VF instability in classical single interface fluid displacement using quasi-steady-state-approximation (QSSA) method and initial value problem (IVP) approach. Following the work of Tan and Homsy [10] , Kim and Choi [11] performed LSA using QSSA in a similarity transformation domain and a spectral analysis. It has been shown that the results obtained from their analyses are physically more relevant than those of QSSA, and are also in accordance with the IVP results. Pramanik and Mishra [12] carried out self-similar QSSA (SS-QSSA) to profile at large time remains invariant with Pe and anisotropic dispersion. Yang and Yortsos [9] presented an asymptotic analysis to understand the effect of Pe on miscible VF in Stokes flow regime between two parallel plates or in a cylindrical capillary. They determined a sharp upper bound for the Pe number below which the transverse averaging and the conventional convection-diffusion equation associated with the miscible Hele-Shaw flow is valid.
Discussion of the above-mentioned literature reveals the fact that rigorous investigation about explicit dependence of fluid dispersion or Pe number on the miscible displacement is important in the context of VF in a Hele-Shaw cell. As mentioned earlier this aspect of miscible VF has been addressed by some of the researchers in the context of linear stability analysis for radial source flow [8] , nonlinear simulations for rectilinear displacement of flat interface [14] and localized circular fluid [15] . However, to the best of the authors' knowledge, investigation about the effect of Pe on miscible rectilinear displacement in the linear regime was not attempted before. We follow a dimensionless formulation taking the convective characteristic length and time scales that incorporates Pe as the reciprocal of the dimensionless axial dispersion. The aim of the present study is to investigate the influence of fluid dispersion on the miscible VF instability through self-similar linear stability analysis [12] .
Next, nonlinear simulations have been performed using Fourier spectral method [2, 3, 13] to investigate the possible effect of fluid dispersion on the interaction of fingers in the nonlinear regime. This is followed by comparison of the linear regime results of the rectilinear displacements with those of the radial source flow and the fully nonlinear simulations.
It is clear that a slow diffusion mechanism gives rise to steep concentration gradient, which leads to intense fingering instability as diffusion acts as a stabilization factor in miscible fluid systems. However, it is well established both theoretically [12, 15, 16] as well as experimentally [17] that in the presence of steep concentration gradient a non-conventional stress, called the Korteweg stress [18] , appears in miscible fluids. These gradient stresses stabilize the VF instability. Thus, two opposite phenomena take place out of the same physical consequence of steep concentration gradient that may lead to interplay between these two effects. This gives rise to another important question about miscible VF instability, how a destabilizing and a stabilizing force resulting from slow diffusion co-exist during the displacement of miscible fluids in a Hele-Shaw cell? These fundamental questions are addressed in the present study and we try to present a compact qualitative and quantitative analyses in this paper.
The paper is organized in the following manner. The mathematical formulation of the problem is presented in Sec. II. Sec. III discusses the linear stability analysis in a self-similar domain followed by the fully nonlinear simulations in Sec. IV. Next, we discuss the influence of Pe in the presence of the Korteweg stress in Sec. V followed by the concluding remarks 
II. MATHEMATICAL FORMULATION A. Governing equations
Consider the displacement of two incompressible, neutrally buoyant fluids, which are miscible in all proportions in a Hele-Shaw cell or 2D homogeneous porous media as shown in Fig. 1 . Conservation of momentum in a Hele-Shaw cell is described by Darcy's law, which is mathematically analogous to the flow in homogeneous porous media. The viscosities of the resident and the displacing fluids are µ 2 and µ 1 , respectively, and they strongly depend on the solute concentration c. As mentioned earlier, we choose the width (L y ) of the Hele-Shaw cell as the characteristic length scale. The gap between the two parallel plates of the HeleShaw cell b ( L y ) could be a possible length scale, [19] which is equivalent to the square root of the permeability √ κ for a homogeneous porous media of permeability κ = b 2 /12.
As explained by Tan and Homsy [8] , √ κ is not a suitable choice for the characteristic length scale, since Darcy's law is based upon the continuum hypothesis, we choose L y as the characteristic length scale in this paper. The characteristic time, velocity, pressure and viscosity are taken as L y U , U, µ 1 U L y κ and µ 1 , respectively. Thus, the dimensionless equations governing such flow in a reference frame moving with the speed U of the displacing fluid are,
The dimensionless parameters appearing in the the equations are Péclet number and the
corresponds to the dispersion coefficient in the transverse direction, which is same as the molecular diffusion coefficient and the axial dispersion coefficient is
of the fluids are taken to be exponential function of the concentration c, i.e. µ(c) = e Rc ,
where R is the logarithm of the ratio of the viscosities for the displaced to the displacing fluid.
The fluid velocity is governed by the Darcy's law, Eq. (2), and the evolution of the solute concentration is measured through a convection-diffusion equation (Eq. (3)). Here p is the hydrodynamic pressure and the velocity u has the stream-wise and span-wise components u and v, respectively. These equations are solved simultaneously associated with appropriate boundary and initial conditions mentioned below.
B. Boundary and initial conditions
Velocity of the fluid system is set in such a way that initially the complete system was moving with a uniform velocity U along the stream-wise direction. The displacing fluid is kept on entering into the domain with that uniform speed resulting the resident fluid to exit at the same speed from the other end of the Hele-Shaw cell. Solute concentration does not experience any change across all the boundaries. Therefore, these can be written in the moving reference frame as,
The velocity boundary conditions given in Eq. (5) correspond to the constant pressure at the transverse boundaries [20] , where the stream-wise velocity u is arbitrary. The initial distribution of the solute concentration is c = 0 and c = 1 in the displacing and displaced fluids, respectively. Hence, the initial condition can be written in the moving reference frame as,
III. LINEAR STABILITY ANALYSIS
Here we present a linear stability analysis to investigate the influence of Pe on the onset of VF instability following the SS-QSSA method [12] . The base-state velocity field is assumed to be a null vector and the base-state concentration field is obtained by solving the 1D diffusion equation associated with no flux boundary conditions and the initial condition for the concentration given in Eq. (6) . Hence, the base flow can be written as,
where ξ = x √ t is the similarity variable. Base-state concentration c 0 describes the self-similar diffusive decay of a step profile. An infinitesimal perturbation has been introduced in order to investigate the stability of the base state flow in the linear regime. Linearize the governing equations at a frozen diffusive time t 0 about the base flow to obtain the following equations in terms of the perturbation quantities,
in the similarity transformation domain. Eliminate the pressure and transverse velocity component from Eqs. (10) - (14) and decompose the perturbation quantities c , u in the Fourier modes, [12] 
Here k is the wave number of the sinusoidal perturbation and σ * is the instantaneous growth rate of the corresponding mode. Application of SS-QSSA method followed by simple algebraic calculations yield the following eigenvalue problem,
Eigenvalues of the system of Eqs. (15) - (16) correspond the instantaneous growth rates of the perturbations.
Analytic solutions of the eigenvalue problem, Eqs. (15) - (16), are not attainable. Hence it has been solved following the numerical technique described by Pramanik and Mishra [12] . formulation we retrive the analyses of Pramanik and Mishra [12] in the absence of the Korteweg stresses. 
A. Numerical results
The main aim of the present study is to investigate the influence of Pe number on VF instability. Fluid dispersion acts as a stabilization factor in miscible VF. Hence it is expected that instability will be more dominant when fluid diffuses at a slower rate, i. which dispersion is large enough to make all the perturbations stable. However, at t 0 = 0.1 the Pe c is not the same as that at t 0 = 0.01. It is clear that with a decrease in the fluid dispersion the most dangerous mode, [12] (k max , σ * max ), corresponding the wave number of that particular disturbance having the largest instantaneous growth rate, increases. It is also noticed that the cutoff wave number, [12] k c , increases with Pe; however, the threshold wave number, [12] In order to identify the region of instability the neutral stability curves, contours of (k c ∼ t
). As mentioned earlier, k c and k max increase with Pe for all values of t 0 and log-mobility ratio R; we look to investigate the rate at which 5(a) ). However, there is no such observations for k max . This signifies that all the perturbations at t 0 = 0.01 for Pe = 250 remains stable, which was clear from the dispersion curves (see Fig. 2(a) ). One of the salient features of linear stability analyses is to determine the onset of instability, which is difficult to determine accurately from the direct numerical simulations and experiments.
Hence, the critical time for the onset of instability t cric has been determined for different Pe which is found to vary as Pe −1 , and it is presented graphically in Fig. 6(a) . Information about the critical Péclet, Pe c , for different t 0 will be helpful from the experimental point of view, so that Pe can be used as a control parameter with a fixed t 0 . Such information can be easily obtained from the neutral stability curves shown in Fig. 3 , which clearly depicts that as t 0 increases the Pe c decreases. In order to validate the qualitative and quantitative influence of Pe on VF instability, an analytical dispersion relation for a step-like initial concentration distribution has been computed in the (x, y, t)-coordinate systems and is presented in Appendix A. It has been found that σ is an increasing function of Pe (see Eq. (A9)), signifying a larger growth rate of a perturbation with particular wave number, as diffusion becomes slower. Fig. 7 depicts the qualitative as well as quantitative behavior of σ with Pe, which are in good agreement with the growth rates σ * computed numerically in self-similar (ξ, y, t)-coordinate system for t 0 > 0 (see Fig. 2 ), as t 0 = 0 is a singular point in the similarity coordinate systems (ξ, y, t).
At time t 0 = 0, in the (x, y, t)-coordinate systems, the most unstable wave number and the corresponding growth rate are found to be, k max = (2 √ 5 − 4)R Pe/4 ≈ 0.118R Pe and σ max ≈ 0.0225R 2 Pe 2 , respectively. Finally the variation of the cut-off wave number with Pe has been determined by equating the growth rate to zero, which leads to k c = R Pe/4.
Thus, it is found that both the cut-off wave number and the most dangerous wave number vary linearly with the log-mobility ratio R as well as Pe at initial time t 0 = 0. In order to determine how the variations of these two vital wave numbers with Pe changes for different frozen diffusive time t 0 , numerical solutions are obtained for the stability equations in the (x, y, t)-coordinate system at t 0 = 0. It has been observed that for R = 3 at two different frozen diffusive times t 0 = 0.01 and 0.1, k max ∝ Pe 0.35 and k c ∝ Pe 0.5 . This signifies that as time progresses, the diffusive base state concentration looses its steepness and hence the dependence of k max and k c on Pe become weaker than those at initial time t 0 = 0. Tan and Homsy [8] mentioned that the principal difference between the rectilinear and the radial displacement is best described in terms of their base state velocities and the growth of the perturbations in the respective cases. In the case of the former the base state velocity is a constant, while for the radial displacement, the velocity varies spatially. This results into an algebraic growth of the perturbations in the latter case as opposed to exponential in time for the rectilinear flow. This propels us to investigate how the fluid dispersion drives various vital parameters, such as k t , k max , k c , etc. for these two potentially different displacement processes in porous media.
There lies an appreciable difference between the radial source flow and the rectilinear flow in porous media that can be readily mentioned is the temporal evolution of the critical Péclet number; in the case of the latter, Pe c varies with time unlike the case of the former where it is independent of time for a fixed value of R. In the rectilinear displacement, the triplet of the threshold, most dangerous and cut-off wave numbers, (k t , k max , k c ), is found to vary with the time as opposed to their time independence for the radial source flow [8] .
It is mentioned earlier that k max and k c are found to increase with Pe in the rectilinear displacement similar to the radial flow. However, in the case of the radial source flow k t is also found to change with Pe; in fact, it decreases as Pe increases and hence allows larger wavelengths to be preferable for fingering instability.
Recall, in 
IV. NONLINEAR SIMULATIONS
Here we look to investigate how the fluid dispersion influences the long time behavior of the nonlinear VF interactions. In order to achieve this goal, numerical simulations have been performed for the fully coupled nonlinear system of equations, Eqs. (1) - (3), along
with the boundary and initial conditions (4) - (6) . Stream function-vorticity form of the dimensionless Eqs. (1) - (3), 
are solved using Fourier-spectral method following various authors (see Tan and Homsy Fig. 8(a) ), whereas at the same time fingers are found to form with a higher Pe = 5000 (see Fig. 8(b) ). It also shows that for smaller dispersion more number of fine scale fingers are formed, which leads to highly nonlinear interaction of the fingers, giving rise to more complex dynamical patterns. Both the qualitative and quantitative effects of
Pe on VF will be discussed further in Secs. IV A and IV B. 
A. Influence of Pe on mixing lengths
In the absence of VF (R = 0), mixing length L d measures the spread of the fluid region over which two fluids get mixed [2, 3] . Fig. 9 dxdy, captures the onset of nonlinear fingers, t on , more appropriately. This is defined as the time when I(t) increases 10% from its constant value in the diffusive regime, which equals the dimensionless width of the computational domain. As expected, systems with slower dispersion have earlier onset, since in this case the stabilization due to dispersion is the less and hence fingers form earlier.
B. Influence of Pe on the onset of fingering and wavelength selection
Here the focus of this study is to investigate the influence of Pe on the onset of fingering c(x, y, t)dx. Fig. 11 shows the spatio-temporal evolution of the locations of local maxima and minima ofc(y, t)
for R = 1, = 1 and Pe = 500, 2000. It depicts that for Pe = 500 (see Fig. 11 On the other hand, for Pe = 2000 (see Fig. 11(b) ) the local maxima and minima are densely crowded for small values of t without any void at early time. It further depicts that more number of local maxima and minima remain present even after sufficiently long time. These signify that in the case of large diffusion coefficient the onset of fingering takes place at a later time compared to the situation with smaller diffusion and the number of fingers is significantly less in the case of the former than the case of latter.
Numerical simulations are performed for five different initial noise corresponding to each Pe for a fixed R, and then an arithmetic mean of the obtained results has been taken to get the relation between t on and Pe. The dependence of t on on Pe has been represented in Pe will lead to an early onset of fingering, as it is observed in the present study. However, the dimensionless formulation with diffusive characteristic scales [13] shows the same onset time, t on , for different Pe, but more number of fingers which is quit reasonable as the width of the computational domain increases with Pe. Therefore, such a dimensionless model does not give an insight about the influence of fluid dispersion (i.e. Pe) on the onset of instability, which has been thoroughly investigated through the present dimensionless model.
Irregular deflections in the space-time map of the local maxima and minima correspond to the splitting and merging of fingers. It is observed that in the case of small values of Pe merging is dominant than splitting (see Fig. 11(a) ). However, for large values of Pe occasionally merging is followed by splitting of fingers and they further merge very quickly among themselves or with other neighboring fingers (see Fig. 11(b) ). It further manifests that for a small Pe value, frozen fingers of constant wavelengths are formed early; whereas for higher Pe, strong and complex interaction of the fingers persists for sufficiently large time that retard to forming frozen fingers of constant wavelengths.
Wavelengths of the unstable disturbances can also be measured in terms of the aver- Nondimensional formulation with (a) convective characteristic length scale, (b) diffusive characteristic length [13] . In the latter case k appear to be almost identical for both the Pe values.
aged wave number of the longitudinally averaged concentration profilec(y, t). The temporal evolution of the average wave numbers k of the unstable modes for different values of Pe have been presented in Fig. 13 for R = 1, = 1. Here, k is defined as Fig. 11 . However, this is not the case for the dimensionless models derived using diffusive characteristic length scale (see Tan and Homsy [13] ). The average wave number k turns out to be same for all
the Pe values in these formulations. In particular, Fig. 13(b) shows k corresponding to the dimensionless formulation of Pramanik and Mishra [12] for Pe = 1024 and 2048 with R = 3, = 1, in the absence of the Korteweg stresses (i.e. δ = 0). It is observed that k appears to be almost identical for both the Pe values; although the number of fingers increases with Pe, which widen the computational domain as mentioned earlier. k cric decreases at slightly faster rate (k cric ∼ −0.55 ) than the rate of increase for t cric (t cric ∼ 0.5 ).
C. Effect of anisotropic dispersion
The dimensionless transverse dispersion coefficient is Pe , hence by investigating the influence of and keeping Pe fixed we can trace how the anisotrpic dispersion influences VF instability both in the linear and nonlinear regimes. Influence of anisotropic dispersion in the linear regime has been analyzed in terms of two critical parameters, k cric and t cric . Figs. 14(a) and 14(b), respectively depict the dependence of k cric and t cric on for different values of R and Pe. It is observed that k cric decreases at a slightly faster rate (k cric ∼ −0.55 ) than the rate of increase of t cric (t cric ∼ √ ) as increases towards the isotropic value. These variations are independent of the log-mobility ratio and the Péclet number. The eigenvalue problem (Eqs. (15) - (16)) are further solved for two extreme cases of 1 and 1. It has been observed that for ≤ O(10
for fixed values of Pe and R at t 0 = 0.1. These are in sustainable accordance with those obtained by Tan and Homsy [10] from asymptotic analyses for → 0 and → ∞, respectively at t 0 = 0; in the former limiting case k max varies as −1/3 and in the latter k max ∝ −1 .
Further investigation has been performed to analyze the dependence of t on on the transverse dispersion coefficient for a fixed Pe and R. Same as earlier, an arithmetic mean of the numerical simulations corresponding to the five different initial noise have been used to determine the dependence of t on on . In Fig. 15 , onset time t on has been plotted against for R = 2 and Pe = 500, 1000, which clearly describes that t on increases with at a rate of 0.44 . This physically signifies the fact that small transverse dispersion is not only responsible for fine scale fingers, but also the onset of instability happens to be early when the transverse dispersion coefficient, , is small. Thus, we observe that the influence of Pe is stronger on the onset of instability in the nonlinear regime than that in the linear regime, whereas, has a stronger impact on t cric than t on . However, in general the axial dispersion coefficient has a stronger influence than the transverse diffusivity on the onset of instability both in the linear and nonlinear regimes.
V. INFLUENCE OF PÉCLET NUMBER WITH GRADIENT STRESS
In Sec. III and IV it has been shown that slower dispersion rate (i.e. larger Pe) keeps the viscosity contrast of the two fluids very sharp, hence gives rise to stronger instability.
Nevertheless, it has been proved both theoretically [12, 18, 22] and experimentally [17] that steep concentration gradient is responsible for the Korteweg stress, which acts against the growth of the perturbations. Therefore, a sharp concentration gradient can give rise to two opposite actions, stabilization and destabilization, in miscible VF instability. Remaining of the paper will discuss the interplay between the Korteweg stresses and fluid dispersion and their subsequent effect on VF. In the presence of the Korteweg stress fluid velocity is governed by the Darcy-Korteweg equation, [12] 
The dimensionless parameter δ, defined as δ =δ c 
The resultant eigenvalue problem, Eqs. parameter has been determined to be negative both theoretically [27] and experimentally [28] . Since, the maximum relative error of the pseudo-spectral method used in this paper is of order 10 −2 (as mentioned in Sec. IV), the lower limit of the dimensionless parameter curves, which are represented in Fig. 17 . In particular, the dispersion curves presented in Fig. 17(a) for Pe = 5000, 10000 with R = 3, = 1, t 0 = 0.1 and δ = −10 −6 depicts the usual behavior, i.e. larger Pe corresponds to the larger growth rates. However, the existence of a reverse phenomenon is noticed for such choice of Pe when δ value has been changed from −10 −6 to −10 −5 (see Fig. 17(b) ) keeping other parameters same as the case of Fig. 17(a) . It is clearly observed that the higher Pe has less than or equal growth rate for all the wave numbers and this difference between the respective growth rates increase with k as it crosses k max . The possible reason is, for a very slow fluid dispersion, steepness of the concentration gradient gives rise to stronger effect of the Korteweg stresses, whose stabilization dominates the destabilization of slow dispersion. However, the occurrence of such reversal property of Pe effect on VF instability depends completely on the magnitudes of Pe, δ, R, and t 0 . Chen et al. [15] also reported similar observation through nonlinear simulations of the displacement of a miscible circular drop in a Hele-Shaw cell.
Here we look to investigate how the Korteweg stresses monitor the qualitative behavior of the onset time of instability, t cric , and the corresponding most unstable wave number, [12] k cric , are analyzed in the presence of the Korteweg stresses. It is observed that both t cric and k cric become almost constants, which were also clearly observed from the neutral stability curves (see Fig. 16 ). Nevertheless, in the nonlinear regime the scenario changes drastically.
Based on the onset of nonlinear fingers (t on ) two different stability regimes are found in the presence of the Korteweg stresses. In particular for R = 1, δ = −10 −6 and Pe 2000, t on varies as Pe −1.1 ; while for Pe 2000, t on ∼ Pe −0.5 . The first regime is dominated by the destabilization due to slow dispersion, whereas in the second regime stabilization of the Korteweg stresses is dominant.
VI. CONCLUSIONS
Influence of fluid dispersion on miscible VF has been analyzed by solving the governing equations in their dimensionless form, obtained using convective characteristic scales. It is observed that there exists a critical Péclet number, Pe c , such that the rectilinear displacement becomes unstable if Pe > Pe c . However, unlike the radial source flow (see Tan and Homsy [8] ), Pe c for the rectilinear displacement varies with t 0 .
It is further observed that with an increase in Pe the area of the unstable region increases rapidly. This signifies that slow dispersion leads to an intense unstable scenario. Two vital parameters k c and k max are found to increase with Pe; rate of increase is little higher for k c than k max for all values of frozen diffusive time t 0 and R. On the other hand, k max decreases faster than k c with t 0 independent of Pe and R. More number of fine scale fingers are formed when the dispersion becomes very slow (i.e. at higher Pe value) and the onset of fingering also happens to be earlier under this circumstance.
In the absence of fingering instability L d changes as √ t and the proportionality constant C dif f decreases with Pe at inverse square root (i.e. C dif f ∼ Pe −1/2 ). One of the most important findings of the present NLS is, unlike the other dimensionless formulation [13] , the average wave number of the unstable modes increases while increasing the Pe values.
This truly incorporates the influence of fluid dispersion and physically signifies that at a slow rate of fluid dispersion short wave disturbances also become unstable.
It is observed that the onset time of nonlinear fingering t on decreases at a rate 10% higher than that of t cric , independent of R. In the presence of the Korteweg stresses two different stability regimes are found to exist having different power law dependence of t on on Pe. , which is an unstable configuration [25] . The present results can be useful for designing the experimental setup to obtain a stable displacement even for an unfavorable viscosity contrast between the miscible fluids by monitoring the displacement speed and the diffusion rate that generates the Péclet number below a critical value.
Influence of velocity induced dispersion and concentration dependent diffusion have been investigated in the literature both theoretically [29] [30] [31] as well as experimentally [30] in the context of miscible viscous fingering instability under different flow conditions. However, none of those studies explicitly mentioned about the influence of Péclet number Pe or Taylor dispersion Péclet number Pe T D on the onset of instability. In this paper we attempted to investigate such influences on the onset of fingering instability both qualitatively and quantitatively with constant dispersion and molecular diffusion. Inclusion of the velocity induced dispersion and concentration dependent molecular diffusion is beyond the scope of the present study and those will be addressed in our future studies.
coordinate system, 1 Pe 
which correspond to the velocity continuity, concentration continuity and continuity of pressure, respectively, at the fluid-fluid interface.
Integrating Eq. (A1) from 0 − to 0 + we get,
Using the properties of Dirac-delta function and performing some cumbersome algebra, dispersion relation can be determined from the following quadratic equation in σPe,
4(σPe)
2 + 4k(k − RPe)σPe + k 2 RPe(RPe − 4k) = 0.
Solving Eq. (A7) for the instantaneous growth constant, σPe = −4k(k − RPe) − 16k 2 (k − RPe) 2 − 16k 2 RPe(RPe − 4k) 8
(Other root of Eq. (A7) corresponds a unphysical situation when the perturbation of the smallest wavelength has the largest growth rate.) We can retrieve the Eq. (42) of Tan and
Homsy [10] by taking Pe = 1 in Eq. (A8). Now, we look to investigate the dependence of σ on Pe. Differentiation of Eq. (A8) with respect to Pe gives,
i.e. σ is an increasing function of Pe.
